Nasopharyngeal carcinoma is a poorly differentiated upper respiratory tract cancer that highly expresses human folate receptors (hFR). Binding of folate to hFR triggers endocytosis. The folate was conjugated into adenosine 5 0 -monophosphate (AMP) by 1,6-hexanediamine linkages. After reverse HPLC to reach 93% purity, the folate-AMP, which can only be used for transcription initiation but not for chain extension, was incorporated into the 5 0 -end of bacteriophage phi29 motor pRNA. A 16:1 ratio of folate-AMP to ATP in transcription resulted in more than 60% of the pRNA containing folate. A pRNA with a 5 0 -overhang is needed to enhance the accessibility of the 5 0 folate for specific receptor binding. Utilizing the engineered left/right interlocking loops, polyvalent dimeric pRNA nanoparticles were constructed using RNA nanotechnology to carry folate, a detection marker, and siRNA targeting at an antiapoptosis factor. The chimeric pRNAs were processed into ds-siRNA by Dicer. Incubation of nasopharyngeal epidermal carcinoma (KB) cells with the dimer resulted in its entry into cancer cells, and the subsequent silencing of the target gene. Such a proteinfree RNA nanoparticle with undetectable antigenicity has a potential for repeated long-term administration for nasopharyngeal carcinoma as the effectiveness and specificity were confirmed by ex vivo delivery in the animal trial. Gene Therapy (2006) 13, 814-820.
Introduction siRNA [1] [2] [3] [4] [5] and ribozyme RNA 6 have been extensively utilized for post-transcriptional gene silencing in a sequence-specific manner. The delivery of siRNA has been studied by various methods, including viral vector delivery 7 and lipid-encapsulated RNA injection. 8 Recently, siRNAs joined to a cholesterol group have been reported to silence target gene expression in mice via intravenous injection. 9 The successful application of siRNAs for the treatment of cancer and infectious diseases requires the coexistence of several features: (1) the correct folding of siRNA or ribozymes in the cell, if fused to a carrier, (2) the recognition of targeted cells, (3) the capability of entering cells owing to the size limit on membrane penetration, (4) the surviving RNase digestion within the cell, and (5) the trafficking into the appropriate cell compartment. Hence, the development of an efficient, specific and nonpathogenic system for the delivery of therapeutic RNA is highly desirable.
A 117-nt bacteriophage phi29-encoded RNA (pRNA) has been found to play a novel and essential role in DNA packaging. 10 pRNA forms dimers, trimers, and, ultimately, hexamers through hand-in-hand interaction of the right and left interlocking loops. 11, 12, 31 The structural features of pRNA, which have been studied extensively, allow for easy manipulation and permit the conversion of pRNA into a gene targeting and delivery vehicle. The pRNA molecule contains two independent folding domains with distinct functions. 11, 13 Replacement or insertion of nucleotides preceding residue #23 or following residue #97 does not interfere with the formation of dimers as long as the strands are paired.
14 Therefore, the 5 0 /3 0 proximate double-stranded helical region 15 of pRNA can be redesigned to carry additional sequences without altering its secondary structure or intermolecular interactions. 16, 17 Being a poorly differentiated carcinoma of the human upper respiratory tract, nasopharyngeal carcinoma has human folate receptors (hFR) that are highly expressed in epidermal carcinoma (KB) cells. Endocytosis of the ligand/receptor complex mediated by the binding of folate to hFR has been well studied, and macromolecules conjugated to folate have been successfully recognized by folate receptors and internalized into cells. [18] [19] [20] Recently, we found that phi29 pRNA can be used as a carrier for the construction of RNA nanoparticles to deliver therapeutic RNAs such as siRNAs and/or ribozymes to specific cancer cells. 12, 21, 22 In this report, we described the methods for the synthesis and purification of folate-adenosine 5 0 -monophosphate (AMP), the procedure for the construction of folatepRNA, and the test of the purity and function of the folate-containing products. The potential of siRNA in gene therapy mediated by folate was also investigated in animal trials.
Results

Characterization of folate-AMP
A folate-AMP complex ( Figure 1 ) was synthesized by conjugating folic acid with AMP through the linker molecule 1,6-hexanediamine (HDA) by established chemistry. 23 The complex was purified by semipreparative reverse phase HPLC ( Figure 1C ). The purity of the folate-AMP complex was determined by both reverse phase HPLC and thin-layer chromatography. The compound, exhibiting 93% purity ( Figure 1C ), was used for the synthesis of folate-pRNA as discussed below.
To determine whether folate-AMP is able to bind to the folate receptor on the cell surface, the capability of folate-AMP to compete with folate-FITC for binding to human nasopharyngeal carcinoma KB cells was assessed by flow cytometry. Ninety-seven percent of KB cells, which are folate-receptor positive, exhibited strong binding by folate-FITC ( Figure 1A) . However, only 0.1% of cells were detected to contain folate-FITC when KB cells were preincubated with folate-AMP, which served as a competitor with folate-FITC (100 nM) for folate receptor binding ( Figure 1A ). Similar blockage was observed when free folate was used. These results indicate that the folate moiety incorporated into AMP Construction of folate-RNA for siRNA delivery S Guo et al retains a high binding capacity for the folate receptor. FITC dye (100 mM) was also included as a negative control to exclude the nonspecific binding between FITC and KB cells.
Synthesis of folate pRNA
Previously, specific 5 0 -end modifications of pRNA had been achieved through the use of T7 RNA polymerase with GMPS for transcription initiation. 24 The main limitation in such an application is that only RNA starting with a 'G' can be applied. 25 Currently, through the use of the T7 class II promoter, 26, 27 adenosine can also serve in the initiation of transcription, and so we have been able to incorporate AMP derivatives into the 5 0 -end of the pRNA or circular permutated pRNA (cpRNA) in one-step labeling. AMP derivatives such as folate-AMP can only be used for initiation but not for chain extension, thus ensuring that labeling occurs only at the 5 0 -end. In vitro transcription of pRNA was performed in the presence of both folate-AMP and ATP, together with CTP, UTP and GTP. Different molar ratios of AMP:ATP were examined in transcription reactions. Our results show that 16:1 is the best ratio of folate-AMP to ATP in considering both total yield of the RNA production and the percentage of pRNA carrying the folate labeling. The RNA labeled with folate had a slower migration rate compared to nonlabeled RNA on denaturant urea/PAGE (Figure 2a) . Results indicate that under the optimal transcription conditions, more than 60% of the pRNA contains a folate moiety, as estimated from the gel (Figure 2a ).
Binding of folate-pRNA to nasopharyngeal carcinoma cells
The size of a motor pRNA monomer was determined to be around 11 nm. 28 The binding of this nanometer-scale particle with folate labeling was examined. A truncated pRNA (7-106) with a 5 0 -overhang was constructed to enhance the accessibility of the 5 0 folate for receptor binding (Figure 2b Entry of nanoparticles containing both folic-pRNA and siRNA chimera to nasopharyngeal carcinoma cells
To determine whether the folate moiety on the chimeric pRNA dimer could mediate the entry of the complex into KB cells, a chimeric siRNA complex was constructed for specific gene silencing. RNA dimer (1.75 mM), containing both folate and siRNA against firefly luciferase, was incubated with, rather than transfected into, KB cells. The expression level of firefly luciferase in cells treated with folate-RNA dimer decreased to 30% of cells without RNA treatment. In contrast, cells treated with a control folate-free RNA dimer retained 85% of luciferase gene expression. These results suggest that specific knockdown of the firefly luciferase gene was achieved by folate receptor-mediated internalization of chimeric pRNA dimer in the absence of transfection reagents.
Processing of the pRNA chimera and the complex of dimer pRNA chimera into siRNA by Dicer
Our previous work has shown that exogenous sequences added to the 5 0 /3 0 -end of pRNA, such as siRNA or hammerhead ribozyme, retained biological function in cells. 16, 21, 22 In this study, a chimeric pRNA/siRNA targeting firefly or renilla luciferase was constructed, and the silencing efficiency was tested by transient transfection. The chimeric siRNA construct suppressed its target gene specifically and efficiently as demonstrated by a Dual reporter assay, in which the expression To determine whether the knockdown effects shown above were siRNA-specific, chimeric pRNA/siRNA monomers or dimers were treated with cell lysate or recombinant purified Dicer ( Figure 5 ), which is known for its unique function in processing long doublestranded RNA into 22-bp siRNA. 30 Incubation of the 5 0 -[g 32 P]-pRNA/siRNA complex with cell lysate resulted in the processing of the chimeric RNA complex into a 29-base double-stranded siRNA (not shown). Such processing is expected as we intentionally introduced two uridines at the three-way junction to increase the free energy for folding of the junction area into a singlestranded loop. Incubation of the pRNA/siRNA complex, harboring a 29-base double-stranded siRNA, with purified Dicer resulted in the processing of the chimeric RNA complex into a 22-base double-stranded siRNA This single mouse produced a plaque within a week, much earlier than the mice in any of the other groups, and therefore, given these special circumstances, it was treated as an outlier. The inhibition of tumor formation is specific as the control dimer RNA without folate conjugation used in control mouse groups did not affect tumor development.
Discussion
The goal of this work was to construct folate-conjugated phi29 pRNA for the delivery of chimeric siRNA to nasopharyngeal carcinoma cells via folate receptor. Folate labeling was achieved by utilizing folate-AMP as an initiator of RNA transcription with a T7II promoter, although folate-AMP might have some inhibitory effects on transcription yields when used at high concentrations. Phage phi29 pRNA was used as a vector to carry Construction of folate-RNA for siRNA delivery S Guo et al siRNA sequences. In addition, both breast cancer cells and ovary cancer cells were specifically stained by folate-FITC, indicating that this delivery method can also apply to at least two additional kinds of cancer cells. The pRNA/siRNA was processed by Dicer, and released double-stranded siRNA duplex, which led to specific suppression of gene expression. A stable pRNA dimer was generated by mixing two pRNAs, one of which carried folate labeling, whereas the other carried siRNA sequences. When this RNA complex was mixed with KB cells in the absence of transfection reactions, the folate moiety was shown to (1) mediate the binding of dimeric complex and (2) mediate the knockdown of targeted luciferase gene expression. Furthermore, the suppression of tumor growth was achieved in mouse trials by incubating the folate-siRNA complex against the survivin gene, which plays an important role in tumor development.
Phi29 pRNA forms dimers as a result of the interaction of interlocking loops of each pRNA. In the future, chimeric trimers or even hexamers will be assembled by manipulating the sequence of interlocking loops. The polyvalent nature of pRNA will facilitate carrying multiple components with various functions including cell recognition, detection, endosome escape and gene suppression. Nucleotide derivatives will be utilized to produce stable RNase-resistant RNA to improve the silencing efficiency. 9 This polyvalent RNA complex could also be potentially useful in treating chronic viral infectious diseases caused by HIV or HBV by targeting the specific virus-glycoproteins present on the infected cell surface.
One advantage of this strategy is that gene silencing can be achieved simply by mixing an RNA complex with cancer cells, without the aid of transfection reagents derived from cationic lipids or CaCl 2 . More importantly, as cancer cells express a variety of signature receptors at different stages of development, some endocytable receptors could be used as carriers to mediate the entry of therapeutic reagents labeled with the receptor ligand. Another advantage in using RNA as a delivery vehicle is the ability to avoid the problem of immune response and the rejection of protein vectors after repeated long-term drug administration.
Materials and methods
Preparation of RNA
RNA preparation and the characterization of dimer were described in our previous publications. 13, 31 Briefly, RNAs were prepared by in vitro transcription using T7-MegaShortscript Kit purchased from Ambion. DNA templates with T7 polymerase were used in the presence of 7.5 mM ATP, 7.5 mM GTP, 7.5 mM UTP, and 7.5 mM CTP. 1 ml [a- 32 P]ATP or [ 3 H]UTP was included for radioactive labeling of RNA. Transcription products were purified by 8% PAGE/urea and eluted with 0.5 M sodium acetate, 0.1 mM EDTA, and 0.1% SDS. RNAs were ethanol precipitated and resuspended in depctreated water. To label the 5 0 -end of RNA with folate, both 4 mM folate-AMP and 0.25 mM ATP were included in a transcription reaction, together with 1 mM UTP, CTP, and GTP. The solution also contains 40 mM Tris (pH 8.0), 6 mM MgCl 2 , 2 mM spermidine, 0.01% Triton X-100, 5 mM DTT, 0.2 mM DNA templates, and 5 U/ml T7 RNA polymerase (Promega). 32 
Synthesis and purification of folate-AMP
The conjugation of folate with AMP was achieved by introducing a folate moiety to AMP through the linker molecule HDA, based on similar conjugation chemistry as published. 32 5 0 Folate-AMP was then purified to 93% purity by semipreparative reverse phase HPLC. After lyophilization, the compound was dissolved in water. Its concentration was determined by absorbance at 350 nm, with a molar extinction coefficient of e 350 ¼ 8000 M À1 cm
À1
. The folate-AMP was then used directly for the preparation of folate-conjugated RNA under the T7 f2.5 promoter under the published conditions.
Cell culture KB cells were maintained in a folate-free RPMI1640 medium (Gibco) supplemented with 10% FBS and penicillin/streptomycin in a 5% CO 2 incubator. The serum provided a normal complement of endogenous folate for cell growth.
Flow cytometry analysis
KB cells (4 Â 10 5 ) were seeded into a six-well plate and grown for 24 h. After being rinsed twice with PBS, the cells were incubated with 100 nM folate-FITC for 20 min at room temperature, with or without the presence of a blocking reagent. Free folate or folate-AMP (166 mM) was included as blocking reagents. Cells were then washed and harvested in PBS and analyzed by flow cytometry.
Binding of folate RNA to KB cells
One micromolar RNA was added to a suspension of 10 7 cells in 0.5 ml of medium in the presence of 10 mM Mg 2+ and incubated at 371C for 30 min. Cells were then washed twice with RPMI1640 medium, and the radioactivity of cells was measured by a liquid scintillation counter.
Dual-luciferase assays
Gene silencing assay by transfection was performed by cotransfecting various chimeric siRNA into mouse fibroblast PA317-PAR cells with both pGL3 plasmid encoding firefly luciferase and pRL-TK plasmid encoding Renilla luciferase. Both luciferase activities were measured by Dual-Luciferase Reporter Assay System (Promega).
For the incubation assay, the folate-dimer was prepared by mixing folate-pRNA (7-106) B-a 0 and pRNA/ siRNA (Firefly luciferase) A-b 0 with 10 mM Mg
2+
. KB cells were seeded in a six-well plate in a folate-free medium. After being washed by PBS-supplied MgCl 2 , the premixed dimer RNA (1.75 mM) was then added to cells and incubated for 3 h at 371C. RNase inhibitor SUPERRNaseIN (1 U/ml) (Ambion) was added into the binding buffer. After incubation, free RNA was washed off, and pGL3 and pRL-TK plasmids were introduced into cells using Lipofectamine 2000 (Promega). Luciferase activities were measured the next day.
Chimeric pRNA/siRNA processing The purified recombinant Dicer was purchased from Gene Therapy Systems.
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In vivo animal studies
Five-week-old male athymic nude mice (Harlan Sprague Dawley) were housed in a pathogen-free environment. Animals were randomly assigned to experimental groups (n ¼ 8). Cells were maintained in an antibioticfree medium for 1 week before injection. On the day of the injection, cells were rinsed with PBS twice and incubated with the dimeric pRNA complex at 371C for 3 h before being collected by trypsin digestion. Cells (2.5 Â 10 5 ) in 0.1 ml of media were used for the injection of each mouse. Cells were inoculated subcutaneously into the right axilla of the forelimb. Once xenografts were visible, their size was determined two times per week by externally measuring tumors in two dimensions. Volume was calculated by the following equation: V ¼ (L ÂW 2 ) Â 0.5, where L is the length and W is the width of the xenograft.
